Cilia are membrane-bounded, centriole-derived projections from the cell surface that contain a microtubule cytoskeleton, the ciliary axoneme, surrounded by a ciliary membrane. Axonemes in multiciliated cells of mammalian epithelia are 9 + 2, possess dynein arms, and are motile. In contrast, single nonmotile 9 + 0 primary cilia are found on epithelial cells, such as those of the kidney tubule, but also on nonepithelial cells, such as chondrocytes, fibroblasts, and neurons. The ciliary membranes of all cilia contain specific receptors and ion channel proteins that initiate signaling pathways controlling motility and/or linking mechanical or chemical stimuli, including sonic hedgehog and growth factors, to intracellular transduction cascades regulating differentiation, migration, and cell growth during development and in adulthood. Unique motile 9 + 0 cilia, found during development at the embryonic node, determine left-right asymmetry of the body.
INTRODUCTION
Cilia are membrane-bounded, centriolederived, microtubule-containing projections from the cell surface. The microtubule cytoskeleton of the cilium, the ciliary axoneme, grows from and continues the ninefold symmetry of the centriole, which is nearly identical to, and often becomes, a ciliary basal body. Mammalian ciliary axonemes, like axonemes elsewhere in the animal kingdom, are formed with two major patterns: 9 + 2, in which the nine doublet microtubules surround a central pair of singlet microtubules, and 9 + 0, in which the central pair is missing (1, 2) . Usually, 9 + 0 cilia are also missing the molecular motors, axonemal dyneins, which are responsible for ciliary movement; such cilia are therefore nonmotile. In contrast, 9 + 2 cilia are motile (Figure 1 ). In addition, whereas epithelial cells may possess several hundred 9 + 2 motile cilia, 9 + 0 cilia are usually solitary. Nonmotile 9 + 0 cilia form the basis for various specialized sensory structures, including chemosensitive or proprioceptive sensilla of invertebrates, such as the insect ear. The outer segments of the rods and cones of the eye in mammals are expanded 9 + 0 cilia. Olfactory cells have nonmotile multiple long chemoreceptive cilia that are 9 + 2 at their base but lose this organization distally.
One aspect that received only the attention of specialists until recently is the widespread distribution of 9 + 0 cilia among the cells of the body. Such cilia are now called primary cilia. Primary cilia are found on epithelial cells such as the kidney tubule, the bile duct, the endocrine pancreas, and the thyroid but also on nonepithelial cells such as chondrocytes, fibroblasts, smooth muscle cells, neurons, and Schwann cells. In addition, unique motile 9 + 0 cilia, bearing dynein arms, are found at the embryonic node during development. For an up-to-date listing of cell types with primary cilia, see the Primary Cilium Resource Site (http://www. primary-cilium.co.uk/ ).
The structure and distribution of both 9 + 2 and 9 + 0 cilia have been widely studied since the advent of biological electron microscopy in the middle of the twentieth century. However, except for those examining photoreceptor visual transduction and olfaction, functional studies were largely confined to motile cilia until recently. Many people considered primary cilia to be vestigial, but motile cilia-which occur, for example, on respiratory epithelium, along the female reproductive tract, and on ependymal cells lining the ventricles of the brain and which move mucus or fluid-were thought to be important for health. In particular, the mucociliary escalator of the respiratory tract seemed important for respiratory clearance and the prevention of bacterial colonization (3, 4) , although some ciliary function can be superceded by muscle contraction, such as coughing. The mammalian sperm tail contains a motile 9 + 2 axoneme surrounded by a specialized set of thick fibers. Until the development of in vitro fertilization procedures, sperm motility was essential for fertility, and because male infertility brought many individuals to the clinic, the first true ciliary disease, now known as primary ciliary dyskinesia (PCD), was diagnosed there (5) .
It is instructive to realize how much of our present understanding of mammalian cilia depends on work on model organisms, particularly the ciliated protistans Tetrahymena and Chlamydomonas, and more recently on the model nematode, Caenorhabditis elegans. In each case, recent advances in genomics, combined with mutant analysis, have deepened the understanding of mechanisms that are preserved in mammalian cilia. The ciliary proteome has been defined for Tetrahymena (6) and Chlamydomonas (7) . Genes encoding specific ciliary proteins are absent in yeast. There are mouse and human (8) orthologs for virtually all the structurally or functionally characterized ciliary proteins. 
MOTILE 9 + 2 CILIA Axonemal Structure
The basic structure of 9 + 2 mammalian cilia was delineated by transmission electron microscopy; the description remains relatively current. The microtubules of the 9 + 2 axoneme polymerize from αβ tubulin heterodimers (9) with the fast polymerizing Primary ciliary dyskinesia (PCD): a set of human diseases caused by mutations in ciliary proteins leading to immotile or discoordinated movement, resulting in impaired mucociliary clearance; often coupled to male infertility, hydrocephalus, otitis media, and situs inversus (+) end at the ciliary tip. Major structures that attach to the microtubules, the outer and inner dynein arms (ODAs and IDAs), the radial spokes, the central-pair projections, and so forth are defined protein complexes, some of whose subunits are AAA-type motors, EF hand proteins, protein kinases, A kinase-anchoring proteins (AKAPs), phosphatases, or proteins with other important ODA: outer dynein arm IDA: inner dynein arm CBF: ciliary beat frequency domains for function or assembly. The ODAs and IDAs are force-producing molecular motors that cause the doublet microtubules to slide with respect to one another (10) . The doublet sliding is asynchronous with the progression of activity around the axoneme, yielding a helical beat (11). This beat is normally modified by interdoublet links and spoke-central-pair interactions to produce controlled bending, with an effective stroke and a recovery stroke. Maximum beat frequencies range up to approximately 100 Hz, although most reports of mammalian ciliary beat frequency are much lower, perhaps normally 10-20 Hz.
Mechanism of Motion
The ∼10-15-μm-long cilium obeys low Reynolds number hydrodynamics, for which viscous forces are paramount. In airway cilia, for example, the effective stroke is vertical, extends into the overlying mucus layer, and propels the mucus toward the pharynx, whereas in the recovery stroke much of the cilium is moving horizontally in the relatively stationary periciliary fluid layer beneath the mucus (12, 13). Freeze etch studies of mammalian sperm axonemes (14) reveal that the structural complexity of the ODAs and IDAs is similar to that in Chlamydomonas, except that the ODA of the mammalian sperm axonemes is two (and not three) headed. In general, because the molecular mechanism of motion is conserved from protists to humans, axonemal diameter, which dictates the relationship between doublet sliding and the amount of bending, must also be conserved; axonemal structure is likewise conserved, with little variation.
Recent studies of axonemal structure in PCD and other respiratory diseases reinforce these conclusions. Essentially, genetic defects in respiratory cilia structure that affect beat and transport efficiency lead to PCD (see also Reference 14a). The most prevalent structural defects result in missing ODAs, present in more than 60% of patients with classical PCD clinical profiles (15), sometimes combined with IDA defects. IDA defects are best characterized by computer-assisted image reinforcement (16). In all, arm defects account for approximately 90% of PCD cases when embryonic lethality is not considered. The genetic basis of the ODA defect is most commonly a mutation in DNAH5, which codes for one of the ODA heavy chains (17), or in DNAH1, coding for a human dynein intermediate chain (18). There is a strong correlation between the number of ODAs (but not of IDAs) present and ciliary beat frequency (CBF); PCD patients have significantly lower CBF (19). These findings are consistent with evidence that ODAs primarily control CBF by increasing or decreasing doublet sliding velocity in the axoneme without greatly affecting beat form, accomplished in many instances by changes in cAMP-dependent ODA light chain phosphorylation (20, 21). Control of CBF via local elevation of Ca 2+ by mechanostimulation (22) may work partly through this mechanism. The cGMP pathway is also important in this process (see also Reference 22a).
IDAs primarily control parameters related to bend amplitude that affect beat form. This control operates at least in part via signaling kinases and phosphatases that phosphorylate or dephosphorylate radial spoke proteins that act on the velocity of IDA-limited doublet sliding (23). Therefore, although ODA activity controls the overall timing of the stroke cycle, IDA activity of specific doublets controls the amplitudes of the bends originating in the effective and recovery strokes. Radial spoke heads interact with central-pair projections to coordinate doublet sliding activity with bend direction and propagation. With defects in radial spokes, or of centralpair microtubules, IDA activity is not properly regulated, and ciliary beat is paralyzed or abnormal. Some PCD patients have axonemes with the normal complement and composition of dynein arms but with defects in the radial spokes or central-pair structures (Figure 1) . Because many ciliary proteins that affect normal beat or beat direction may not affect the known major axonemal structures, PCD may occur without obvious axonemal abnormalities.
Aspects of the central pair-radial spokedynein arm coordination mechanism have been uncovered by examination of centralpair orientation in Chlamydomonas, in which doublet activity is related to central-pair orientation (24) such that orientation is a passive response to bend formation and apparent rotation of the central pair is due to repositioning of the twisted central-pair structure by bend propagation (25). Through centralpair repositioning, different bends propagate along the axoneme at the same rate. This complexity probably is associated with the great potential for changes in the effective stroke direction known for this cell. In mammalian and many other metazoan cilia, the orientation of the effective stroke is fixed, and the orientation of the central pair is roughly perpendicular to that direction. Because all the ODAs, and probably all the IDAs, are unidirectional vectorial force producers, minusend motors, the axoneme is effectively divided into two operational halves: One half, when active, is responsible for the generation of the effective stroke, whereas the other half generates the recovery stroke. Cilia and basal bodies have only a single enantiomorphic form, with doublet numbers running clockwise when the organelle is viewed from the base toward the tip, so that the two halves define the left and right sides of the cilium and perhaps eventually those of the body (26; see also below). Bend generation in the effective stroke is thought to involve dynein activity on doublets 9, 1, 2, 3, and 4, with doublets 5-6 at the leading edge of the stroke, whereas in the recovery stroke, with doublet 1 in the lead, activity switches to dyneins on doublets 5-6, 7, 8 (27) . Ciliary arrest can occur at the switch points, and further beating, for example in respiratory cilia, often requires mechanical stimulation or a burst of cAMP synthesis. When groups of cilia become activated, they stimulate adjacent cilia and initiate metachronal Left-right (LR) asymmetry: the condition of unpaired organs, such as the heart in the vertebrate body, whereby the organ position on one side of the body is determined; often reversed in animals with PCD waves that travel across the epithelium (27).
PCD is instructive, not only in demonstrating that the mechanisms of human ciliary motility and its genomic and proteomic control are consistent with what is known from model organisms, but also in delineating the physiological role that motile cilia play in the body. Clinical features of the disease are indications of processes in which ciliary motility is essential (28). Strong phenotypic markers of PCD are chronic rhinitis/sinusitis, otitis media and, as indicated above, male infertility. Female fertility is probably decreased. There is an increased incidence of hydrocephalus, as loss of motile cilia in brain ventricles alters choriod plexus epithelium function and reduces the flow of cerebrospinal fluid through the ventricles (29, 30). There is no correlation with smoking. Cystic fibrosis patients have motile cilia. The function of nodal cilia, the special category of motile 9 + 0 cilia discussed further below, is important for the subset of PCD patients who exhibit reversal of left-right (LR) body asymmetry (situs inversus totalis), which, together with chronic rhinitis and infertility, was identified as Kartageners syndrome.
THE CILIARY MEMBRANE
Both 9 + 2 and 9 + 0 ciliary axonemes are surrounded by a ciliary membrane, which extends from and is continuous with the cell membrane but is selectively different from the cell membrane in overall composition. Aside from general descriptions of structure, especially by freeze fracture techniques, and information on lectin or cationic particle binding (31, 32), surprisingly little was known about the ciliary membrane until quite recently. Now, through cilia fractionation and proteomics, a picture of the membrane proteins of the cilium is emerging. In unicellular organisms, in which ciliary response pathways are necessary for survival, control of the 9 + 2 motile cilium depends on specific receptor and channel proteins, including cyclic nucleotide
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Ciliary necklace: a specialized region at the base of a cilium defined in freeze fracture electron microscopy; the probable assembly region for transport of cargos into the cilium receptors, Ca 2+ channels, and receptors involved in growth control pathways, that are localized to the ciliary membrane (33). In Chlamydomonas, membrane proteins in the proteome (7) include six ion pumps or channels, including a homolog of human polycystin 2; three predicted plasma membrane Ca 2+ -ATPases (PMCAs); and four closely related proteins that have 8 to 12 transmembrane helixes and a PAS domain, a sensory motif involved in detecting diverse stimuli ranging from light or oxygen to redox state and small ligands (34). Evolutionary persistence of sensory function in 9 + 2 cilia of metazoans, and therefore of specific receptors and channels of the mammalian ciliary membrane, would be expected. Because the control of CBF in airway epithelial cells depends upon cyclic nucleotides (35), one might anticipate that, as is true for ciliates, both adenylyl and guanylyl cyclase (AC and GC, respectively) might be localized to the ciliary membrane. However, except in olfactory sensory cilia, for which an odorant-sensitive type 3 AC has been reported, and the adjacent respiratory epithelial cilia, for which lower levels of nonodorant-sensitive AC have been reported (36), there is little specific information as to whether these proteins are in ciliary membranes. There are more than 1000 different odorant receptors, each presumably localized to the ciliary membranes of one olfactory neuron.
Although information on airway ciliary membrane receptors remains sparse, the concept that all cilia have significant sensory function, heavily supported by the new work on primary cilia cited below, led Teilmann & Christensen to compare the distribution of certain receptor tyrosine kinases in primary versus motile cilia of the female reproductive tract. The angiopoietin receptors Tie-1 and Tie-2 localize to motile cilia of the infundibulum (Figure 2 ) and the ampulla of the oviduct (37). The ion channel TRPV4 and polycystins 1 and 2 also localize to ciliary membranes of 9 + 2 motile oviduct cilia (38). The ciliary level of polycystins increases upon ovulation, implying that the ciliary activity of these proteins is associated with the detection of physiochemical changes that establish the environment for oocyte transport, for priming of the ampulla for reception of the oocyte, and for the fertilization and transport of the fertilized oocyte to the uterus.
As we discuss below, polycystins are now commonly known to be present in ciliary membranes of 9 + 0 primary cilia. We predict that similar types of channels and receptors are present in the membranes of all mammalian motile cilia and that they play a role in epithelial homeostasis. Not all important specific channels are localized to the ciliary membrane, of course; for example, CFTR localizes to the apical region of ciliated airway cells but not to the cilia themselves (39).
THE CILIARY NECKLACE
Because specific proteins are localized to or concentrated in the ciliary membrane, as opposed to the rest of the cell membrane, several research groups have postulated that there is a selective barrier at the cilium entrance. This barrier occurs near or more likely in connection with the loading zone for cargo destined for intraciliary transport. The physical manifestation and mode of operation of the barrier are still uncertain, but selection has certain features resembling the passage of material from the cytoplasm into the nucleus, where the barrier is the nuclear envelope (40). One specialized feature of the barrier region that is found on all 9 + 2 and 9 + 0 mammalian and invertebrate cilia that have been studied by freeze fracture electron microscopy, but that is not universally found on sperm, is the ciliary necklace (41). The necklace consists of multiple strands of intramembrane particles that are especially prominent in airway and oviduct cilia (Figure 1) . The necklace particles line the edges of a cup-like structure with a stem connecting to the center of each basal body doublet just at the transition zone below the origin of the central pair of microtubules and the axoneme. The necklace region is readily identified in transmission electron microscopy (TEM) images by this characteristic cross-sectional appearance. Transport proteins have been localized to the necklace region near the repeating intersection of the cup and the membrane (42), which may imply that the cup-like regions are assembly sites for transport of membrane and axonemal cargos.
As befits a barrier, the membrane in the necklace region of airway cilia has a different composition in terms of, for example, lectin binding, anionic charge, and free-cholesterol distribution from the rest of the ciliary and cell membrane (31). Researchers have attempted to isolate and biochemically characterize the necklace region, especially from photoreceptor outer segments (43). A putative guanine nucleotide exchange factor (GEF), retinitis GEF: guanine nucleotide exchange factor pigmentosa GTPase regulator (RPGR), and its interacting protein are localized to a necklace defining a cross section of the connecting cilium of the photoreceptor (44). RPGR isoforms are also found in the necklace region of motile cilia of the trachea (45). RPGR is mutated in patients with an X-linked phenotype that includes PCD, suggesting that this molecule is required in the development of virtually all mammalian cilia (46). The importance of the necklace in tracheal cilia is reemphasized by its disruption and disappearance upon infection with Bordetella pertussis and Mycoplasma after attachment of these bacteria to the cilium and prior to cell death. Moreover, when cilia are shed, as in the adult human cochlea, or when deciliation is induced by Ca 2+ shock, the point of breakage and
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Ciliogenesis: the processes of assembly and growth of cilia during cell differentiation
Intraflagellar transport (IFT):
the process of transport of materials into and along the cilium for assembly of certain axonemal proteins and placement of receptor and channel proteins in the ciliary membrane membrane resealing occurs just above the ciliary necklace, and the necklace persists. If the necklace region is the site of assembly and coupling of membrane protein cargos to the transport machinery, we may reasonably expect to find that membrane proteins targeted to this machinery had ciliary localization signals. Researchers have initiated several searches for localization signals, normally by truncation or site-directed mutagenesis of a known ciliary transmembrane protein, such as polycystin 2 (47). Published information is still fragmentary, but signaling for ciliary localization likely has several different components, depending on the protein species involved and how it is associated with the membrane and membrane scaffold proteins, such as GEFs.
CILIARY MORPHOGENESIS
In multiciliated cells of the mammalian trachea and oviduct, ciliogenesis requires synthesis and assembly of multiple basal bodies and axonemal proteins, accompanied by an enormous increase in membrane area. Human tracheal development has four stages (48). Up to 11 weeks gestation, the trachea is covered by a columnar epithelium with primary cilia. At approximately 12 weeks, ciliogenesis begins with the appearance of fibrogranular masses in the cell cytoplasm. As Dirksen (49, 50) first described, these masses develop central elements, called condensation forms or deuterosomes, around which an explosive development of centrioles, which will become ciliary basal bodies, occurs. The mature centrioles move to the cell membrane, to which they attach, and the ciliary necklace develops as the axoneme begins to elongate (32). The necklace enlarges, and strands are added as the cilium grows. Axonemal dynein is synthesized and found in the cell cytoplasm before ciliogenesis is apparent (51) . By 24 weeks, the ciliated border with 200-300 9 + 2 cilia is mature. In the oviduct, centriolar placement and ciliary growth are asynchronous. Cilia first grow at the cell periphery, giving the cell surface a daisy-like appearance: Longer cilia at the periphery encircle shorter cilia at the cell center (52) . A distinct tip with an axonemal cap and a unique glycocalyx called the ciliary crown develops on the mature cilium (53) , and growth ceases.
At least one transcription factor, hepatocyte nuclear factor 3/forkhead homolog 4 (HFH-4), is known to be involved in regulating the morphogenesis of motile cilia in multiciliated mammalian epithelia (54) . In HFH-4-null mice, classic 9 + 2 motile cilia are absent in epithelial cells, but 9 + 0 cilia, including nodal cilia, are present, although nodal cilia are probably nonfunctional. Ultrastructural analysis of these animals showed that, in the epithelial cells missing motile cilia, centriole migration and apical docking are abnormal.
The axoneme grows and continuously turns over at its distal tip (55, 56) . Axoneme growth and maintenance depend on transport of axonemal precursors from the cell body to the assembling tip. Rosenbaum and collaborators (40), through their work with Chlamydomonas, first envisioned and analyzed the molecular basis of the transport process. Historically, the 9 + 2 cilia of this organism were termed flagella, and therefore the transport process building the axoneme was termed intraflagellar transport (IFT). A transport complex consisting of IFT proteins can be visualized moving up and down the cilium, between the membrane and the growing axoneme. Axonemal components such as radial spoke proteins move as cargo, partially assembled, with these complexes and are deposited at the growing tip of the axoneme, where they dock into their proper positions (57) . The complexes and their cargos are moved toward the tip by a kinesin-2 molecular motor. After depositing the cargo and picking up axonemal turnover products, the complexes are moved back toward the base by a special isoform of cytoplasmic dynein, dynein 2, also known as dynein 1b (40, 58a). The unloading/loading of cargo proteins and exchange of transport motors at the flagellar tip may occur by a threestep mechanism that may be regulated by flagellar tip proteins (59) . IFT protein complexes also participate in the movement of ciliary membrane proteins and signaling molecules (58b, 60) . Presumably, vesicles derived from the Golgi apparatus with appropriate scaffold proteins fuse with the cell membrane near the ciliary necklace. This results in the addition of membrane around the elongating cilium and the delivery of peripheral membrane proteins, as well as of transmembrane channels and receptors such as polycystins and TRPV, to the transport apparatus for movement into the growing ciliary membrane. IFT orthologs are prominent in ciliary proteomes from all organisms studied (61), suggesting that this transport mechanism is ancient and that it has been retained for transport in both 9 + 2 and 9 + 0 cilia. IFT has been of great importance for understanding the function of mammalian 9 + 0 primary cilia as sensory organelles, as we discuss below. Hagiwara et al. (62) provide a more detailed review of ciliogenesis in mammalian cilia.
NONMOTILE PRIMARY 9 + 0 CILIA
Primary cilia, which are found on virtually every cell in the body, with some notable exceptions (63) retain the basic axonemal doublet structure as they grow from the basal body. However, they do not assemble the central microtubule complex or IDAs and ODAs, and therefore, like mutants of motile cilia lacking these structures, they do not actively beat. Other aspects of ciliogenesis are normal. There is a ciliary necklace and a ciliary membrane with receptors and channels, comparable with and sometimes identical to those found in motile cilia. Ciliogenesis is via transport mechanisms and IFT proteins completely orthologous to those in Chlamydomonas, although certain aspects of growth differ from those of multiciliated cells. In particular, there is no explosive growth of basal bodies from a fibrogranular mass. Instead, the single primary cilium usually originates when a Golgi-derived vesicle encapsulates the dis- (Figure 1) . The necklace region develops at the point of encapsulation. Fusion of additional vesicles liberates the growing cilium to the extracellular medium (64) .
Polycystic kidney
Although the motile function of 9 + 0 cilia has been lost, the sensory and signal transduction features necessary for survival in singlecelled organisms have been retained and perhaps enhanced. There has been a persistent literature on primary cilia from the early 1960s, summarized in part by Wheatley (63, 65) . These studies postulated, with some evidence, that the primary cilia could function as chemosensors, mechanosensors, or positional sensors and that their presence was coupled to and perhaps important for the cell cycle and cell differentiation (66) . Nevertheless, for more than 30 years after their electron microscopy (EM) characterization, primary cilia were largely dismissed as insignificant or unimportant in leading textbooks of cell biology.
The Revelation of Primary Cilia Biology: Polycystic Kidney Disease
The rapid increase in our understanding of primary cilia biology was primarily due to the work of Pazour et al. (67) , which relied on the development of Tg737 orpk mouse as a model for human autosomal-recessive polycystic kidney disease. Pazour et al. demonstrated that the mouse homolog of IFT protein 88 in Chlamydomonas is the mutated protein of the Tg737 gene and that with this defect the primary cilia of the mouse kidney are abnormally short or absent.
Long primary cilia are seen by SEM on kidney tubule cells (68), and these can readily be visualized in light microscopy in kidney cell lines such as PtK1 or MDCK cells in confluence in tissue culture (69) . These cilia can be bent by fluid flow (70) (73) . A clear inference from these studies is that mechanotransduction via the primary cilium is necessary for continued normal function and cell differentiation of the kidney epithelium and that loss of the cilium leads to abnormal function, abnormal cell division, and polycystic kidney disease.
Many mutations that cause polycystic kidney disease are found not in genes that encode IFT proteins or the molecular motors involved in building the cilium. Rather, such mutations are found in genes that encode the polycystins, of which polycystin 1 is a transmembrane receptor and polycystin 2 is a Ca 2+ channel. If the cilium is normal, but the polycystin is defective, just as if the polycystin is normal and the cilium defective, there will still be polycystic kidney disease; how is this possible? The answer is that the polycystins are proteins of the ciliary membrane (74, 75) and that the signal transduction pathway leading to Ca 2+ influx must operate through the ciliary membrane to give a normal homeostatic response.
Moreover, polycystin 1 evidently functions as a G protein-coupled receptor that can activate growth control pathways via standard signal transduction cascades (76) . Its extracellular domain can interact with carbohydrate or protein moieties. Although its physiological ligand is still unspecified, polycystin 1 may be a chemosensor as well as a mechanosensor. In addition to Ca 2+ as a signal, receptor phosphorylation cascades and receptor-or mechanically induced regulated intramembrane proteolysis (77) may link ciliary membrane events to the cell cycle.
These features are consistent for all primary cilia studied. Like the motile cilia from which it is evolutionarily derived, the primary cilium incorporates specific receptors and channels into its ciliary membrane. Although some of the specific receptors may be cell type dependent, others, including polycystin 1 and 2, are more widely found. The primary cilium can respond either to mechanical stimuli or to defined ligands. The signal pathway is initiated in the cilium before transmission to the rest of the cell. Normal signaling leads either to homeostasis, that is, maintenance of the differentiated tissue state, or to controlled division and differentiation. In its homeostatic functions, the primary cilium has been compared to a cellular cybernetic probe (78; see also below) or a cellular global positioning device (79). Abnormal signaling can be due to faulty ciliogenesis or to misplacement or mutation of ciliary membrane proteins. This leads to abnormal patterns of tissue growth and cell division and to a variety of human pathologies.
PRIMARY CILIA OF CONNECTIVE TISSUES
In contrast to epithelial cells, primary cilia of connective tissues are embedded in the extracellular matrix. Consequently, these cilia may interact with matrix components and respond to tension on the matrix or to growth factors to control tissue homeostasis and cell cycling. Many of the ideas now applied to epithelial cell primary cilia were originally derived from studies of primary cilia of chondrocytes and fibroblasts.
The Chondrocyte Primary Cilium
Poole and coworkers (78, 80, 81) established that the position, projection, and orientation of the primary cilium in chondrocytes are influenced by the structural organization and mechanical properties of the extracellular matrix. This led to the suggestion that primary cilia in connective tissue cells transduce mechanical, physiochemical, and osmotic stimuli through ciliary receptors and ion channels to control tissue development and to construct a mechanically robust skeletal system. Indeed, Tg737 orpk mice with defective primary 
The Fibroblast Primary Cilium
Similarly, Albrecht-Buehler (85) used cultures of fibroblasts to illustrate a unique relationship between the orientation of the primary cilium and the direction of cell migration, in which the cilium is aligned with the intended direction of migration. Fibroblast primary cilia could sense the substrate as cells move and relay information from the extracellular milieu to the centrosomal region. In connective tissue, fibroblasts, like chondrocytes, are embedded in a series of protein fibers, some of which may attach and pull on the primary cilium, producing a mechanical stress. Fibroblasts in tissues are most often in a state of growth arrest, but if stimulated by growth factors, they may enter the cell cycle for proliferation and migrate throughout the matrix wherever they are needed, such as in wound healing and tissue reorganization.
As in most cells, the expression of primary cilia in cultured fibroblasts is closely regulated during the cell cycle (86), indicating a role of the cilium in growth control. Primary cilia grow when the cells become confluent and enter G 0 . Tucker and coworkers (87, 88) found that stimulation with platelet-derived growth factor (PDGF) and administration of Ca 2+ ionophores induce calcium fluxes as well as resorption of the primary cilium, which is an PDGF: platelet-derived growth factor early event in the transition from growth arrest to cell proliferation in 3T3 fibroblast cultures. Tucker et al. concluded that signaling produced shortening of the cilia, which was required for normal growth factor-mediated cell cycle entrance.
PDGF may act directly through receptors in the primary cilium of fibroblasts (89), implying a direct role of the connective tissue primary cilium in communicating both mechanical and physiochemical information that controls migration, cell survival, and growth control in tissue homeostasis. (Figure 3 ) demonstrated that PDGFRα is targeted to the primary cilium during growth arrest in NIH3T3 cells and primary cultures of mouse embryonic fibroblasts. When PDGF-AA is added, ciliary PDGFRαα is phosphorylated, followed by activation of the mitogenic Mek1/2-Erk1/2 pathway, which also operates in the cilium. Quiescent fibroblasts derived from Tg737 orpk mutants fail to upregulate PDGFRα, to form normal primary cilia, and to activate Mek1/2-Erk1/2, and these fibroblasts fail to re-enter the cell cycle after stimulation with PDGF-AA. In contrast, PDGF-BB-mediated signaling through PDGFRβ in the plasma membrane is not affected in Tg737 orpk mutants, indicating a unique function of the primary cilium in balancing the signals required to regulate cell cycle entrance and to maintain tissue homeostasis. Mutations in PDGFRα are known to play a role in the generation of a series of human cancers, supporting the conclusion that perturbation of the growth control pathway from PDGFRα-enriched primary cilia may be important in the onset or prevention of oncogenesis. Furthermore, ciliary PDGFRα may continuously signal a mechanical stress on the connective tissue, known to activate PDGFRα in cultured aorta smooth muscle cells, which have primary cilia. Wheatley and coworkers (91) demonstrated the absence of primary cilia in early passages of cultured fibroblasts from patients with Werner syndrome and Mulvihill-Smith progeria-like syndrome.
These observations are consistent with the idea that the cilium has a sensory function in developmental processes and early adulthood, and to this end, it is tempting to speculate that there may be other signaling systems in the fibroblast primary cilium, such as inversin and components of the Wnt and Hh signaling pathways (92, 93; see also below), polycystin, or integrin, which may act in concert with PDGFRα to regulate fibroblast function in embryonic patterning and adult tissue homeostasis. The taurine transporter, TauT, which is expressed and localized to primary cilia of NIH3T3 cells (94, 95), may further contribute to this complex of signaling systems in the fibroblast primary cilium. Taurine helps to regulate cell volume control, ion channel activity, and calcium homeostasis in developing and adult mammalian tissues (96) and may thus modulate Ca 2+ -dependent signaling in the primary cilium. Figure 4 is primarily based on an extrapolation from those studies that suggest that in the absence of PDGF the fibroblast primary cilium acts essentially as a mechanotransducer, producing a rise in intracellular Ca 2+ , which acts as in the kidney to maintain the G 0 state of the cell, but that in the presence of ligand, the cilium acts as a chemoreceptor, generating signals that induce normal cell cycling, for example, in wound healing. (100) more recently demonstrated that all three full-length Gli transcription factors as well as SuFu (suppressor of fused and repressor of the Hh pathway) colocalize to the distal tip of primary cilia in mouse primary limb bud cells (Figure 2) . Importantly, loss of polaris in Tg737 2−3β−Gal mutants leads to a series of changes in Hh signaling, such as loss of Ptc and Gli1 expression in response to Shh in the limb bud and disruption of Gli2 and full-length Gli3 function in primary limb bud cells; these result in severe polydactyly (108) similar to that following Gli3 loss (109). Haycraft et al. (100) further showed that partial loss of polaris function in Tg737 orpk exacerbates the phenotype of Gli3-heterozygous mutants. Thus, it is increasingly evident that Hh signaling regulates embryonic development via the primary cilium, in which Gli regulation and processing occur in the cilium, and that loss of cilia results in inefficient Gli3 processing, leading to embryonic and patterning defects. Aberrant activation of Gli oncogenes may also cause cell transformation and tumorigenetic processes by directing target genes in growth control, cell survival, and metastasis (102), suggesting that dysfunctional Hh signaling in primary cilium also plays a major role in cancer.
CILIARY HEDGEHOG AND WNT SIGNALING IN DEVELOPMENT

Cilia and Hh Signaling
Hh signaling follows the general rule whereby the primary signaling receptor must be localized to the ciliary membrane to permit normal cell development and signaling begins in responding proteins localized in the cilium itself, but perhaps there is amplification and feedback involved. Corbit et al. (93) demonstrated that whereas Smo localizes to the primary cilium (Figure 2) , this localization becomes amplified in Shh signaling. In contrast, the Smo antagonist cyclopamine inhibits ciliary localization. Activation of the Hh pathway by Shh markedly upregulates ciliary Smo localization in cultures of MDCK cells, inner medullary collecting duct cells, and mouse embryonic fibroblasts. As discussed above, common motifs for ciliary localization of transmembrane proteins are to be expected, but the exact type of motif may vary, depending on how the transmembrane protein is coupled to the transport machinery at the ciliary necklace. Hh signaling depends upon a specific ciliary localization motif, comprising a conserved hydrophobic and basic residue similar to that of other ciliary seven-transmembrane receptors, including ODR-10 and STR-1 in olfactory cilia in C. elegans (110) and somatostatin receptor 3 and serotonin receptor 6 in primary cilia of the mammalian CNS (111, 112). Smo localizes to nodal cilia in early and late headfold stages as well as in the two-, three-, and five-somite stages, supporting a critical role for ciliary Shh signaling in later embryonic development.
Wnt Signaling and the Role of Inversin
The gene Invs encodes a protein named inversin that localizes to primary cilia in kidney epithelial cells (113) (Figure 2) , to nodal cilia, to fibroblast cilia in cell cultures, and to the pituitary gland (92). Inversin is the protein that is mutated in nephronophthisis type 2 (114), and inversin in kidney cells binds anaphase-promoting complex 2 (Apc2), indicating that the primary cilium serves to regulate the cell cycle and that the cilium plays a role in aberrant cell proliferation, which is a hallmark of the cystic process (113). Similarly, inversin contributes to LR determination and is essential for the generation of normal nodal flow (92). A phenotypically similar (iv − ) mouse is defective in nodal cilia LR dynein (115).
Wnt signaling is generally divided into two separate signal transduction pathways known as the canonical and the noncanonical Wnt pathways, which lead to two different end points. The canonical pathway operates through β-catenin, whereas the noncanonical pathway, also known as the planar cell polarity (PCP) pathway, acts through the membrane protein, Van gogh-like 2 (Vangl2). Inversin functions as a molecular switch between the two pathways (97) by targeting the Wnt pathway protein dishevelled for degradation; inversin inhibits the canonical pathway and activates the noncanonical pathway. Fluid flow increases the level of inversin in the cilia. Supporting the conclusion that the canonical Wnt signal transduction pathways are downregulated by the primary cilium, conditional inactivation of KIF3A of kinesin-2 that affects ciliogenesis in kidney tubule cells leads to increased expression of β-catenin and PKD as well as to cell proliferation (116). Similarly, Cano et al. (117) showed that in the Tg737 orpk mouse there is an increase in β-catenin expression and localization to dilated ducts in pancreas and increased expression levels of Wnt signaling transcription factors (117). Finally, Ross et al. (118) showed that Vangl2 localizes to cilia and ciliary basal bodies in primary cilia of collecting duct cells as well as in human respiratory epithelial cells. In kidney cells Vangl2 genetically interacts with Bardet Biedl Syndrome (BBS) genes, indicating that cilia are intrinsically involved in PCP processes. PCP proteins in turn feedback into ciliogenesis pathways necessary for Hh signaling (119); in this way the Wnt and Hh pathways interact.
Is polycystin-mediated Ca 2+ signaling in primary cilia also integrated with Wnt signaling? A Wnt-Ca 2+ pathway has been implicated as a third Wnt signaling cascade; this pathway is thought to influence both the PCP and canonical Wnt pathways, thereby regulating cell adhesion and cell movements during gastrulation (120). Upon activation the WntCa 2+ pathway increases intracellular levels of Ca 2+ . It is therefore tempting to speculate that this Wnt pathway may interplay with those signaling systems that control Ca 2+ -mediated processes in mammalian cilia, such as those regulated by polycystins in both primary and motile cilia. Indeed, we may have seen only the tip of the iceberg as to the plethora of ciliary functions associated with Wnt as well as Hh signaling.
NODAL CILIA
The correlation of human ciliary disease with randomization of LR asymmetry manifested as situs inversus led Afzelius (5) to conclude that embryonic ciliary function was necessary for proper LR positioning of organs, such as the heart, within the body. Unexpectedly, such cilia are present at the site of gastrulation, the embryonic node (121). Nodal cilia, like primary cilia, number one per cell with 9 + 0 axonemes, but nodal cilia possess dynein arms with LR dynein (115, 122) and are motile, generating a leftward flow across the node (124) . When the mouse intraciliary transport motor KIF3B was disrupted by gene targeting, the node lacked cilia, and LR asymmetry was randomized (123). This led to the hypothesis that nodal flow generated by the cilia was critical for the development of LR asymmetry. Further evidence for the nodal flow hypothesis was provided by examining mutant mice with paralyzed nodal cilia and from experimentally reversing flow, thus reversing LR asymmetry (124) .
To produce nodal flow, the cilia must have an asymmetrical component to their movement. Rotation is always clockwise when one looks along the cilium base to tip, suggesting www.annualreviews.org • Structure and Function of Mammalian Ciliathat doublet activity moves around the axoneme clockwise from doublet 9 to 1 to 2 and so on. Just as in 9 + 2 cilia discussed above, for which the effective stroke of the cilium always corresponds to certain doublet activity, the doublets that produce effective flow are a constant half-subset of the axoneme. In this way, the basic asymmetry of the ciliary axoneme determines the basic LR asymmetry of the body. The effective force is enhanced by a posterior tilt of the cilium (11) and by additional mechanisms (125) .
Exactly how nodal flow induces LR asymmetry is still uncertain, but it seems likely that, in common with the primary cilia discussed above, induction involves a mechanosensory mechanism involving polycystins, leading to Ca 2+ influx at the left side of the node, and a chemosensory pathway involving Hh and perhaps additional signaling pathways. McGrath et al. (126) found that LR dynein was present only on a centrally located set of nodal cilia, which are presumably those generating flow, whereas polycystin 2 was found on all nodal cilia. These investigators suggest that the cilia around the periphery of the node are nonmotile primary cilia that sense the flow and respond to initiate asymmetric Ca , and new reviews on ciliary signaling (132, 133). The interrelationships between signaling pathways in nodal cilia that lead to the determination of LR asymmetry parallel the complexity of signaling in primary cilia of other tissues with different physiological endpoints and probably in motile 9 + 2 cilia as well. Exactly how general the features of ciliary signaling are and whether important variations will prove to be tissue-specific, especially for complex tissues such as respiratory epithelium, remain to be determined.
SUMMARY POINTS
1. Mammalian cilia occur in two major patterns: motile 9 + 2 cilia and usually nonmotile 9 + 0 primary cilia.
2. Both motile and primary cilia have an axoneme surrounded by a ciliary membrane that selectively incorporates specific receptors and ion channels. 
